The paper discusses heat and mass transfer during sloshing of cryogenic liquids. Experiments have been executed to investigate this. The experimental results are analyzed and CFD tools are used to create a better understanding of the physical processes involved. A 1D engineering model has been set up with the goal to simulate the heat and transfer during sloshing with only very short CPU time (not more than a few minutes). 
shing in launch vehicle tanks can lead to undesired effects. Propellant sloshing creates lateral rces which have to be counteracted by the attitude control system. This dynamical behaviour of sloshing has been extensively investigated. Abramson [1] developed analytical models which predict sloshing amplitude and frequency.
S
Sloshing not only leads to undesired forces, but can also be responsible for undesired thermodynamic effects. This is especially the case when cryogenic propellants are used. For example sloshing of cryogenic liquids can lead to large pressure drops due to enhancement of the heat and mass transfer at the liquid-vapour interface. This effect has not been the subject of many studies. Because the problem is not well understood, cryogenic launch vehicle stages are designed with relatively large safety margins. A better understanding would lead to more efficient designs of cryogenic stages. For the development of future upper stages it is essential to understand this phenomenon better. To this end the Centre of Applied Space Technology and Microgravity (ZARM) in Bremen, Germany, has executed experiments for the investigation of cryogenic sloshing using LN2. Similar experiments have been executed by Moran et al. [2] , Lacapere et al [3] and Das et al [4] . Moran et al. used LH2 and a spherical tank filled to different levels. Lacapere et al. used LOX and LN2 and a cylindrical tank and Das et al. used the non-cryogenic engineerg fluids FC-72 and HFE7000 and a cylindrical tank.
Experimental Setup
The experiments involve a dewar made out of borosilicate glass. The space between the walls is evacuated to minimize heat transfer into the dewar by means of conduction and convection. The walls are silverized to minimize heat transfer by radiation. The dewar is filled with liquid nitrogen at ambient pressure. The cylindrical part of the dewar has a radius of r = 0.145 m. The dewar is filled to height H f = 2r. The total height of the dewar is H = 0.65 m. The dewar is closed such that there is no contact of the inner part with the surroundings. Figure 1 . More detailed descriptions of the test setup can be found in [5] . A crank shaft introduces the lateral excitation of the dewar. The first natural sloshing frequency occurs at f = 1.8 Hz [5] . To avoid chaotic sloshing near this frequency but still have significant slosh amplitudes, an excitation frequency of 1.4 Hz is chosen and the excitation amplitude is set to 0.01 m.
The dewar is pressurized by two different mechanisms. The first is by self-pressurisation and the second by active pressurisation. Self -pressurization test will be identified with "sp", followed by a number indicating the maximum pressure during pressurization. Active pressurization test will be identified with "ap", followed by a number indicating the maximum pressure during pressurization. In case of self-pressurisation the pressure will increase due to unavoidable heat leaks from the surroundings into the closed dewar. Heat input into the liquid due to unavoidable heat leaks from the surroundings can be determined using the temperature and pressure data. Total heat input during the stratification phase is determined to be 7 W, from which 6.3 W enters the liquid and 0.7 W the vapour. Active pressurization is achieved by actively adding gaseous nitrogen. The mass flow was set to 0.1 g/s, causing the pressure to increase much faster compared to the self-pressurization phase. During pressurization thermal layers will form in the liquid and ullage vapour. After a certain increase in pressure the dewar is exited laterally, causing the fluid to slosh. Figure 2 shows the pressure measured during two of the self-pressurisation tests. During one of the tests, sloshing is initiated once the pressure has reached approximately 160 kPa.. This occurs after 3725 seconds. During sloshing the pressure decreases to 134.5 kPa. The minimum pressure is reached after 4420 seconds, 695 seconds after initialisation of the sloshing. During the other test, sloshing is initiated once the pressure has reached approximately 120 kPa. This occurs after 1078 seconds. During sloshing the pressure decreases to 113.5 kPa. The minimum pressure is reached after 1363 seconds, 285 seconds after initialisation of the sloshing. An overview of the experimental results can be found in Table 1 .
Test Results

Pressure data
(after slosh initiation) Table 1 . Results from sloshing experiments. "sp" stands for self-pressurization, "ap" for active pressurization. The numbers 160 and 120 stand for pressurization upto 160 kPa or 120 kPa. P  is the maximum pressure drop which occurs during sloshing, t  is the time it takes to reach minimum pressure after beginning of the sloshing.
Temperature in the ullage
Temperature developments in the ullage measured during the two self-pressurization test are shown in Figure 6 and Figure 7 show the temperature distribution in the liquid at different times for the selfpressurisation and active pressurisation tests respectively. The temperatures at the liquid surface are assumed to be equal to the saturation temperature at the corresponding pressure. This saturation temperature is calculated using the Clausius-Clapyron equation [6] . For each test 3 instances in time are depicted, namely at the beginning of the test (t=0s), right before initiation of the sloshing and at minimum pressure during sloshing. Right before initiation of the sloshing large thermal gradients exist in the upper liquid layer. The sloshing results in a destruction of the stratification in this region and consequently a temperature drop in the upper part of the liquid. The temperature at the liquid surface is reduced, and thermodynamic equilibrium is broken. The ullage pressure is higher than the saturation pressure belonging to the liquid temperature at the liquid surface and this leads to condensation of ullage gas resulting in a pressure drop. This condensation procedure is reflected in the phase change model based on kinetic theory [7] , where the liquid and vapour temperatures at the liquid-vapour interface have been assumed to be equal:
Temperature development in the liquid
A short analysis of following
Because is a function of temperature (the relation between and the liquid temperature can for example be described by the Clausius-Clapyron equation) it will drop as temperature decreases. Once the thermal equilibrium is broken the vapour pressure will be higher than . This will result in a negative which means condensation will occur. 
T [K] h [m]
t=0 s ap160 t=140 s (Pmax) ap160 t=630 s (Pmin during slosh) ap160 t=0 s ap120 t=40 s (Pmax) ap120 t=188 s (Pmin during slosh) ap120 liquid surface Figure 6 and Figure 7 it can be concluded that the stratification in the liquid before sloshing largely determines the pressure response during sloshing. If, for example the pressure responses of AP160 and SP160 are compared, it can be seen that the pressure response of AP160 is much stronger. The pressure drops faster and the minimum pressure which is reached during sloshing is also lower. The only parameter which is different for these experiments is the thermal gradient in the liquid. The same can be concluded when comparing AP120 with SP120. The thermal gradient in the liquid is the most important factor describing pressure drop. Therefore, the first step in developing a model for the prediction of pressure drop in a tank is to develop a model which predicts the liquid stratification.
CFD modeling of the stratification process
The stratification process has been modeled using the commercially available code FLOW 3D. A full conduction mode has been set up, thus taking into account conductive heat flow through the dewar wall.
To be able to account for phase changes at the liquid surface, the phase change model has been switched on. A 2D 45x185 cell cylindrical mesh was used, taking into account symmetry along the z-axis. CPU time was approximately 44 hours on a single core 2.16 GHz processor.
In Figure 8 the temperatue in the liquid during the stratification process is visible. It can clearly be seen that due to heat entering the liquid via the dewar wall, a thermal boundary layer at the wall develops. The heated liquid in this boundary layer then rises to the liquid surface, creating a pocket of warm liquid at the liquid surface. The pocket volume increases over time and after 300 s the complete liquid region is heated. In the middle of the bottom of the dewar a column of warm liquid builds up, also transporting warmer liquid to the liquid surface. At the liquid surface, a strong thermal gradient is visible, which increases over time. At 3725 s (the end of the stratification phase) the gradient has reached a maximum. Temperature at the liquid surface has reached 80.63 K, bulk liquid temperature lies at 78 K. The strong thermal gradient is caused by heat conducted tangential through the dewar wall. Conductive heat flow in this direction develops because of the much higher wall temperature in the warmer ullage region, as can be seen in Figure 9 . This heat enters the liquid near the liquid surface, causing the thermal gradient. This is visible in Figure 10 , where it can be seen very clearly that near the liquid surface, heat fluxes are more than 4 times as high as below the liquid surface. There will also be some heat transfer between liquid and vapor over the liquid vapor interface. As long as the vapor is at rest, this heat transfer will be caused by conduction through the vapor. The conduction coefficient of GN2 is very low (0.025 W m
and heat transfer can be neglected. In certain cases, the vapor may be in motion which could greatly enhance the heat transfer due to conductive heat transfer. According to the simulations of the experiments the vapor motion was not significant and heat transfer between vapor and liquid is neglected in further analysis. To summarize, three main heat transfer mechanisms play a role in the stratification process:
1. Heat transfer normal to the wall entering the liquid causes the formation of a thermal boundary layer which transports warm liquid to the liquid surface. The volume of heated liquid becomes bigger and after a certain time, all the liquid is heated by this mechanism and heating occurs homogeneously over the liquid 2. Heat transfer tangential to the wall caused by the temperature gradient in the wall across the liquid surface causes heating of the liquid right below the liquid surface. This results in a strong thermal gradient in the liquid at the surface 3. Heat transfer between the liquid and the warmer vapor. Numerical results suggest this is not significant in the present case because there is almost no convective motion of the vapor and the heat conduction coefficient of the vapor is very low. 4. At the liquid surface phase changes can occur due to changing liquid temperature (equation (1)).
During phase change heat will be released/extracted at the liquid surface
In Figure 11 these 4 mechanisms are depicted schematically. Due to the heating of the liquid, some liquid will evaporate according to equation (1) . This will in turn result in a pressure increase in the dewar. Pressure developments according to the numerical model and according to the experiment are compared in Figure 12 . As can be seen the pressure according to the numerical model is lower than the pressure measured during the experiment. In Figure 13 the temperatures in the liquid are compared. The black dots are the temperatures measured during the experiment. The temperature exactly at the liquid surface was not measured. Here it is assumed that the temperature at the liquid surface is equal to the saturation temperature belonging to the vapor pressure at this time.
The temperature at the liquid surface according to the numerical model is lower. This is in line with the lower pressure. A possible explanation for these differences might be that the sensor boom, to which the temperature sensors were attached, is not taken into account in the numerical model. Additional heat conducted through this boom into the liquid might cause the liquid to heat up a bit more. One might also expect the meshing to be the cause of the problem. If the resolution is too small, the steep temperature gradient cannot be resolved. A mesh with 4 times as much cells was tried, but the results were the same so this option is ruled out. be determined by assuming that ullage wall temperatures are equal to the r mperature. From the experi linear, with the highest temperature at the top of the dewar. Here, the temperature is approximately room temperature. At the liquid surface the vapor temperature is equal to the liquid temperature. Using the heat conduction coefficient for borosilicate (the dewar material) and the wall thickness (6mm) the heat conducted into the liquid can be estimated. This results in approximately 2.5 W. This heat is added to the liquid layer near the surface. 3. The heat transfer between vapor and liquid is set to zero for the present case 4. Heat exchange due to phase change can be determined using equations (1) 
Pressure drop during sloshing
During sloshing the thermal gradient is reduced, as explained in section 3.3. Due to convective flows, the heat transfer within the liquid is influenced. This can be modeled by an increase in the conduction coefficient in the liquid. An increase of conduction with a factor 47 results in a pressure drop shown in Figure 16 . Temperature in the liquid is shown in Figure 17 . Heat input from the surroundings into the liquid is increased by the sloshing motion so a correction for this has been applied in the 1D model. The model for the pressure drop is still under development but first results look very promising. 
Conclusions
Experiments have been conducted which show that thermal stratification in a cryogenic liquid is the main cause for pressure drop during a sloshing motion. To be able to make fast engineering predictions of pressure drops during sloshing it is therefore necessary to first develop a reliable model for thermal stratification. Using the results of CFD simulations, a better understanding of the stratification process is created. Using this results a 1D engineering model has been developed which predicts the stratification quite accurate. The next step is to model the pressure drop. First analysis has shown that this can be modeled by increasing the thermal conductivity in the liquid. The pressure drop model is currently under development.
